One remaining challenge in the field of colloidal semiconductor nanocrystal quantum dots is learning to control the degree of functionalization or "valence" per nanocrystal. Current quantum dot surface modification strategies rely heavily on ligand exchange, which consists of replacing the nanocrystal's native ligands with carboxylate-or amine-terminated thiols, usually added in excess. Removing the nanocrystal's native ligands can cause etching and introduce surface defects, thus affecting the nanocrystal's optical properties. More importantly, ligand exchange methods fail to control the extent of surface modification or number of functional groups introduced per nanocrystal. Here, we report a fundamentally new surface ligand modification or "doping" approach aimed at controlling the degree of functionalization or valence per nanocrystal while retaining the nanocrystal's original colloidal and photostability. We show that surface-doped quantum dots capped with chemically active native ligands can be prepared directly from a mixture of ligands with similar chain lengths. Specifically, vinyl and azide-terminated carboxylic acid ligands survive the high temperatures needed for nanocrystal synthesis. The ratio between chemically active and inactive-terminated ligands is maintained on the nanocrystal surface, allowing to control the extent of surface modification by straightforward organic reactions. Using a combination of optical and structural characterization tools, including IR and 2D NMR, we show that carboxylates bind in a bidentate chelate fashion, forming a single monolayer of ligands that are perpendicular to the nanocrystal surface. Moreover, we show that mixtures of ligands with similar chain lengths homogeneously distribute themselves on the nanocrystal surface. We expect this new surface doping approach will be widely applicable to other nanocrystal compositions and morphologies, as well as to many specific applications in biology and materials science. ABSTRACT: One remaining challenge in the field of colloidal semiconductor nanocrystal quantum dots is learning to control the degree of functionalization or "valence" per nanocrystal. Current quantum dot surface modification strategies rely heavily on ligand exchange, which consists of replacing the nanocrystal's native ligands with carboxylate-or amine-terminated thiols, usually added in excess. Removing the nanocrystal's native ligands can cause etching and introduce surface defects, thus affecting the nanocrystal's optical properties. More importantly, ligand exchange methods fail to control the extent of surface modification or number of functional groups introduced per nanocrystal. Here, we report a fundamentally new surface ligand modification or "doping" approach aimed at controlling the degree of functionalization or valence per nanocrystal while retaining the nanocrystal's original colloidal and photostability. We show that surface-doped quantum dots capped with chemically active native ligands can be prepared directly from a mixture of ligands with similar chain lengths. Specifically, vinyl and azide-terminated carboxylic acid ligands survive the high temperatures needed for nanocrystal synthesis. The ratio between chemically active and inactive-terminated ligands is maintained on the nanocrystal surface, allowing to control the extent of surface modification by straightforward organic reactions. Using a combination of optical and structural characterization tools, including IR and 2D NMR, we show that carboxylates bind in a bidentate chelate fashion, forming a single monolayer of ligands that are perpendicular to the nanocrystal surface. Moreover, we show that mixtures of ligands with similar chain lengths homogeneously distribute themselves on the nanocrystal surface. We expect this new surface doping approach will be widely applicable to other nanocrystal compositions and morphologies, as well as to many specific applications in biology and materials science.
■ INTRODUCTION
Colloidal semiconductor nanocrystal quantum dots, rods, wires 1−4 have found applications in biological imaging, 5−8 tracking, 9−12 lighting, 13, 14 photovoltaics, 15 photocatalysis, 16 thermoelectrics, 17 lasing, 18 and spintronics. 19 These highly versatile photoactive nanocrystals are well-known to benefit from size-and composition-tunable band gaps (300−4000 nm; 4.1−0.3 eV), 1, 2, 20 broad and intense absorption (ε ≈ 10 6 L mol −1 cm −1 ), 21, 22 long-lived excitons (up to 40 ns for CdSe, 500 ns for CuInS 2 , and 1.8 μs for PbS), 23, 24 and good colloidal, chemical, and photostability. 25−27 One remaining challenge in the field of colloidal semiconductor nanocrystals is learning to control the degree of functionalization per nanocrystal, also known as nanocrystal loading or "valence".
The state-of-the-art in quantum dot surface ligand modification includes thiol ligand exchange and the use of biological building blocks. Thiol ligand exchange consists of replacing the nanocrystal's "native" ligands with carboxylate-or amineterminated thiols, usually added in excess (Scheme 1). The carboxylate or amine groups are then modified through amidation or layer-by-layer (LBL) ionic pairing. This procedure is well-established for soft nanocrystal surfaces with high affinity toward soft "polarizable" thiol ligands. 28 Its use is widespread for II−VI and IV−VI semiconductors such as zinc, cadmium, and mercury-chalcogenides. Biological building blocks have been explored extensively as alternatives for nanocrystal surface modification. The most often used procedure exploits strong binding between streptavidin and biotin. 29, 30 One end of the streptavidin−biotin pair is attached to the nanocrystal surface and the other end is covalently or noncovalently attached to a molecule or material of interest. Alternative inorganic modification methods were recently introduced to incorporate functionality onto nanocrystal surfaces. Inorganic ligand exchange with complex anions such as Sn 2 S 6 4− produces compact nanocrystals with improved carrier mobility or "hopping" across nanocrystal solids. 31 These small ligands improve interparticle coupling by removing insulating organic ligands. 31, 32 Each one of these known methods has limitations. Thiol ligand exchange does not work well for transition metal oxides, nitrides, or other "hard" nanocrystal surfaces. 28 More importantly, ligand exchange removes the nanocrystal's native ligands, i.e., those that originate from its synthesis; this can cause etching and introduce surface defects, affecting the nanocrystal's optical properties. 33 Biological building blocks require milder reaction conditions but often involve lengthy multistep syntheses on tiny amounts of expensive materials; and their large footprint and thermal instability result in lowsurface coverage and chemical incompatibility. Critically, the most important limitation of these methods is their inability to control the extent of surface modification or number of functional groups (valence) introduced per nanocrystal. Here, we report a fundamentally new surface ligand modification or "doping" approach aimed at controlling the degree of functionalization or valence per nanocrystal while retaining the nanocrystal's original colloidal and photostability. We also report what changes in ligand organization, surface chemistry, and overall nanocrystal properties arise as a result of this approach.
■ EXPERIMENTAL SECTION
Materials. Decanoic acid (≥98%), 9-decenoic acid (≥90%), ndecyl alcohol (99%), potassium ethyl xanthate (96%), and potassium tertiary butoxide (t-BuOK) (95%), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (99%), and Grubbs second-generation Ru metathesis catalyst were purchased from Aldrich. 10-Bromodecanoic acid (95%) was purchased from Matrix Scientific, 9-decen-1-ol (>90%) from AlfaAesar, phenyl ether (Ph 2 O) (99%) and 4-(trifluoromethyl) styrene (>98%) from Acros, 10-bromodecan-1-ol (95%) from ChemSampCo, carbon disulfide (CS 2 ) from Fisher, 3-fluorophenylacetylene (98%) from SynQuest, and cadmium chloride (anhydrous, 99.995%) and chloro(1,5-cyclooctadiene)(pentamethylcyclopentadienyl)ruthenium(II) (RuClCp*COD) (98%) from Strem. Methanol, chloroform, tetrahydrofuran (THF), and diethyl ether were purchased from Fisher and used as received. Chloroform-d (CDCl 3 ), dichloromethane-d 2 (CD 2 Cl 2 ), and dimethylsulfoxide-d 6 (DMSO-d 6 ) were purchased from Cambridge Isotopes Laboratories. 10-Azidodecanoic acid and 10-azidodecanol were synthesized following reported procedures. 34 1 H NMR chemical shifts (δ) are reported in ppm relative to residual protiated solvent in CDCl 3 (7.26 ppm) or DMSOd 6 (2.50 ppm). Elemental analyses were performed by Galbraith Laboratories. Warning: Cadmium and cadmium containing compounds are toxic, believed to be carcinogenic, and should be handled with care and properly disposed.
Synthesis of Xanthate Precursors. Xanthate precursors were prepared by modified literature procedures. 35, 36 Potassium C10 xanthates. The linear C10 alcohol (5.32 g for n-decyl alcohol or 5.26 g for 9-decen-1-ol or 6.70 g for 10-azidodecan-1-ol; 33.6 mmol) was added dropwise to a solution of t-BuOK (3.43 g, 30.6 mmol) in anhydrous THF (100 mL) at 0°C under dry N 2 . CS 2 (2.0 mL, 33.6 mmol) was added dropwise via syringe. The solution was stirred for 4 h at 0°C under dry N 2 , then diluted with diethyl ether (500 mL) causing formation of a precipitate. The white precipitate was collected by suction filtration, washed twice with diethyl ether and dried under vacuum (88%−94% yield). Potassium decyl 96 mmol for 10-azidodecanoic acid) were weighed onto a three-neck, 250 mL round-bottom flask and sonicated for 30 min. The flask was then fitted with a Teflon-coated stir bar, a condenser, and attached to a Schlenk line. The mixture was degassed for 20 min at room temperature (R.T.), refilled with dry Ar, placed into a pre-equilibrated oil bath at 130°C and kept at this temperature while stirring for 15 min. The oil bath was removed and the mixture allowed to cool down to R.T. After dilution with chloroform (5 mL), nanocrystals were isolated by adding a minimum amount of chilled methanol followed by centrifugation (5000 rpm for 10 min). After redissolution in toluene or hexane, precipitation was repeated to remove excess Ph 2 O and ligand. Nanocrystals were dried under dynamic vacuum for 2 h. This method was used to prepare mixed ligand nanocrystals while keeping a 1:10 Cd-to-ligands molar ratio. Excess Ligand Recycling. Concentration of the first supernatant under vacuum allowed us to recover 70−90% of the excess carboxylic acid ligand along with Ph 2 O. This ligand/solvent mixture could be reused up to three times for the synthesis of new nanocrystals.
Surface Modification of Surface-Doped CdS Quantum Dots. Ru-Catalyzed Click. 3-Fluorophenyl acetylene was added to a 2 mL THF solution of 10-azido-decanoic acid capped CdS quantum dots in a 1:1 ratio (monitored by 1 H NMR). The solution was degassed and taken into the glovebox, where a 0.008 M stock solution of Cp*RuCl(COD) was added to the mixture while stirring. The reaction was further stirred at 50°C in the absence of light for 24 h. After dilution with chloroform (2 mL), nanocrystals were isolated by adding a minimum amount of chilled methanol followed by centrifugation (5000 rpm for 10 min). Ru-Catalyzed Olef in Metathesis. 1,4-Trimethylfluoro-styrene (40.0 mg, 230 μmol), Grubb's second generation catalyst (4.0 mg, 4.71 μmol) and CD 2 Cl 2 (0.5 mL) were weighed onto a Schlenk tube containing ca. 10−20 mg of dry 9-decenyl capped CdS quantum dots. The mixture was freeze−pump− thawed three times, and allowed to stir at R.T. for 5 h. Nanocrystals were isolated by adding a minimum amount of a chilled methanol and acetone mixture followed by centrifugation (5000 rpm for 10 min).
Structural Characterization. X-ray Dif f raction. Powder X-ray diffraction (XRD) was measured using Cu Kα radiation on a Scintag XDS-2000 diffractometer. Transmission Electron Microscopy. TEM was conducted on carbon-coated copper grids using an FEI Tecnai G2 F20 field emission scanning transmission electron microscope (STEM) at 200 kV (point-to-point resolution <0.25 nm, line-to-line resolution <0.10 nm). Elemental composition was characterized by energydispersive spectroscopy (EDS). Particle Analysis. Dimensions were measured manually or with ImageJ for >50−100 particles. Averages are reported ± standard deviations.
Optical Characterization. Absorption spectra were measured with a photodiode-array Agilent 8453 UV−vis spectrophotometer. Solvent absorption was recorded and subtracted from all spectra. Steady-state photoluminescence (PL) spectra were measured with a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector. Nanocrystal quantum dots were diluted in chloroform to give an optical density of 0.05−0.2 at 390 nm. Excitation wavelength was 350 nm, and emission was recorded between 365 and 685 nm. Vibrational infrared spectra were recorded with a Bruker IFS66 V FT-IR spectrometer equipped with a DTGS detector with 64 scans at a resolution of 4 cm −1 . The samples were prepared either as dropcast thin films on KBr plates or diluted with KBr and pressed onto a pellet. Background spectra were collected under identical conditions. Samples were continuously purged with dry N 2 to minimize water vapor absorbance.
NMR Characterization. 1 H NMR.
1
H NMR spectra were carried out in a Varian MR-400 spectrometer equipped with a OneNMR pulse-field-gradient probe operating at a 1 H frequency of 399.80 MHz. Spectra were recorded using standard pulse sequences from VNMRJ 3.1 pulse program library.
1 H NMR spectra (64 scans) were recorded with a relaxation delay (d1) between scans of 2 s for free ligands and 10 s for surface-bound ligands to allow full relaxation of all 1 H nuclei. Single-pulse 1 H spin−lattice relaxation measurements (10 scans) were recorded with a pulse width of 156 μs and a recycle delay of 10 s. DOSY. Diffusion ordered spectroscopy (DOSY) experiments were collected using a Bruker DRX 400 spectrometer operating at a 1 H frequency of 400.39 MHz equipped with normal geometry probe. Spectra were recorded using standard pulse sequences from TopSpin 1.3 pulse program library. The duration of the magnetic field pulse gradients (δ) was optimized for each diffusion time (Δ) to obtain a signal decay of roughly 90% at the maximum gradient strength. A series of 16 spectra with 32,768 data points in each spectrum were collected. In each pulsed-field gradient NMR experiment, the value of δ was set to 3.6 ms (gradient duration), and the value of Δ (diffusion time) was set to 600 ms. The gradient strength was ramped from 2 to 95% of the maximum strength using a sine gradient shape. ROESY. Rotating-frame Overhauser Effect Spectroscopy (ROESY) experiments were recorded using an Avance III 600 spectrometer operating a 1 H frequency of 600.39 MHz equipped with 5 mm BBFO Smart Probe. Spectra were recorded using standard pulse sequences from TopSpin 3.0 pulse program library. ROESY spectra were collected using a spin lock time of 200 ms and 256 t 1 increments, with each t 1 slice consisting of 36 scans and 2048 sampled data points, each recorded at a 2 s relaxation delay.
■ RESULTS AND DISCUSSION
In view of the problems and limitations commonly associated with quantum dot surface modification by thiol ligand exchange and similar methods, we investigated the synthesis of nanocrystals capped with chemically active native ligands. Our first question was whether such "surface doped" nanocrystals could actually be made, NOT by ligand exchange as it has been done routinely and repeatedly in the past, but by direct nanocrystal synthesis in the presence of two (or more) different capping ligands. For example, one ligand may contain a chemically active, terminally unsaturated group such as a vinyl (−CHCH 2 ) or azide (-N 3 ); another ligand may be completely saturated (aliphatic), and end with a methyl (−CH 3 ) (Scheme 2). If such mixed-ligand nanocrystals could be made directly, this would solve two important problems: (1) Simply varying the active-to-inactive ligand ratio used during nanocrystal synthesis (x-to-y in Scheme 2a) would allow us to control the number of chemically active groups, and thus control the amount or degree of functionality (valence) that could be introduced per nanocrystal; and (2) surface modification could then be easily accomplished by direct reaction of the chemically active, unsaturated groups without resorting to ligand exchange 37 (A+B-to-C transformation in Scheme 2b).
Chemistry of Materials
Synthesis of Surface-Doped Quantum Dots. To test the feasibility of this concept, we prepared as models ca. 2 nm diameter, zinc-blende (cubic) CdS quantum dots using cadmium xanthate single-source precursors. 35,38−40 In the presence of 10−20 equivalents of commercially available, tencarbon-long (C10) carboxylic acids, the cadmium xanthate precursors decompose cleanly at 120−140°C to give C10 carboxylate-capped CdS nanocrystals (Figure 1 ). IR and NMR analyses reveal that the organic group in the xanthate precursor does not compete with the 10−20 equivalents of extra added carboxylate ligand for binding to the nanocrystal surface (Figures 2 and 3) . The asymmetric carboxylate stretching frequency, ν as (COO − ) shifts from 1700 cm −1 in the free ligands to 1540 cm −1 in the surface-bound ligands; whereas the symmetric carboxylate stretching frequency, ν s (COO − ) remains unchanged at ca. 1410 cm −1 in both free and surfacebound ligands (Figure 2) . In other words, the difference between asymmetric and symmetric carboxylate stretching frequencies, ν as (COO
, decreases from 290 cm −1 in the free ligands to only 130 cm −1 in the surface-bound ligands. This is consistent with bidentate (chelate) coordination of carboxylate groups to surface cadmium ions on all nanocrystals. 41 This is true even for azide-capped nanocrystals, where the IR spectrum clearly indicates that there is no azide (-N 3 ) binding to the nanocrystal surface. In both free and surface-bound ligands, the asymmetric and symmetric azide stretching frequencies, ν as (N 3 ) and ν s (N 3 ), remain unchanged at 2090 and 1250 cm −1 , respectively (Figure 2b ). 42 The formation of surface-doped CdS nanocrystals proceeds equally well in either 1-octadecene (ODE) or phenyl ether (Ph 2 O) as solvent. However, the olefinic resonances in ODE make it difficult to distinguish whether double bond resonances observed by NMR arise either from capping ligands or from residual ODE solvent. In contrast, unlike ODE, Ph 2 O lacks isolated double bonds, facilitating unambiguous assignment of olefinic (double bond) NMR resonances. 43 To illustrate why this is important, we questioned whether ligands containing chemically active groups such as vinyl or azide could survive the high temperatures needed for nanocrystal synthesis. We were particularly concerned that terminal double bonds in vinylterminated ligands could isomerize to thermodynamically more stable internal double bonds at high temperature during nanocrystal synthesis. 43 It was difficult to answer this question when we used 1-octadecene (ODE) as solvent because, even after two washes by crashing and centrifugation, CdS nanocrystals showed internal double bonds from trace amounts of ODE as judged by their characteristic Using this direct synthesis method and without resorting to ligand exchange, we prepared as test models surface doped CdS quantum dots capped with methyl-(saturated), vinyl-(unsaturated) and azide-terminated C10 ligands, as well as with mixtures of these (Figures 1, 2, and 3) . The resulting colloidal CdS nanocrystals are highly to moderately soluble in chloroform, toluene and hexane. After careful purification by cold acetone-or methanol-induced precipitation ("crashing") and centrifugation to remove excess ligands, we observe NMR resonances predominantly from surface-bound ligands and not from free ligands, 44 along with a few weak NMR resonances from trace amount of synthesis solvent (Ph 2 O, Figure 3 ). As predicted, the relative population of the different surface ligands is proportional to the relative ligand concentrations used during nanocrystal synthesis (Figure 3 diffusion rates that are about 1 order of magnitude slower (onetenth) compared to resonances from free ligands and trace solvent, unambiguously demonstrating that after two washes and centrifugation we completely or nearly completely (>99%) removed free or excess ligands. We believe effects (1) and (2) are a manifestation of the same phenomenon, namely the close proximity of surface-bound ligand protons to unpaired electrons localized on surface trap states. The NMR peak width (ν 1/2 ) is inversely proportional to the spin−lattice or "longitudinal" T 1 relaxation time according to Heisenberg's uncertainty principle: ν 1/2 = 1/(πT 1 ) . Semiconductor nanocrystals are strong light absorbers (ε ≈ 1 × 10 6 L mol
), 21, 22 become red-ox-active upon illumination even under ambient light, and remain red-ox-active after dark-storage for several hours. 45 Photogenerated charge carriers are known to localize on surface defects or "dangling bonds" (unpassivated ions) on the nanocrystal surface. Thus, 1 H NMR peak broadening does not arise from fast equilibration between surface-bound and free ligands. 46−50 Instead, surface-trapped electrons behave as paramagnetic impurities on the CdS nanocrystal inorganic−organic ligand interface, leading to the observed fast 1 H NMR T 1 relaxation times and consequent broadening of surface-bound ligand resonances (Figure 5a) . Interestingly, the extent of peak broadening (ν 1/2 ) and T 1 relaxation time shortening correlates with the nanocrystal's optical properties. Specifically, the ratio between band-edge photoluminescence (PL) and "surface" trap PL intensity increases as the density of paramagnetic impurities decreases (Figures 1e and 4) . This suggests that detailed 1 H NMR measurements may be a useful way to measure the amount of paramagnetic impurities, and thus the density of surface defects in colloidal semiconductor nanocrystals (quantum dots, rods, wires). 49,51−53 Attempt to Quantify Paramagnetic Impurities on the Nanocrystal Surface. We sought to collect further evidence for the presence of paramagnetic impurities on the nanocrystal surface by measuring the paramagnetic-susceptibility of our samples using the Evans method. 54−56 A solution phase NMR technique, the Evans method consists of measuring the change in chemical shift (Δν = ν′ − ν 0 ) in the residual protiated solvent peak (ν 0 ) when exposed to a paramagnetic sample (ν 0 ). When compared to the pure solvent, usually contained in a sealed capillary within the same NMR tube, paramagnetism causes the solvent peak to move downfield (higher δ, ν 0 > 0), whereas diamagnetism causes it to move upfield (lower δ, ν 0 < 0) (Figure 5a ). For small paramagnetic molecules, the solvent's and the sample's (χ dia ) diamagnetic susceptibilities are small or negligible, the paramagnetic susceptibility (χ p ) dominates, and the paramagnetic susceptibility can be easily calculated. However, for large paramagnetic species such as supramolecular assemblies, biomolecules or nanoparticles, paramagnetism is often only a small contributor to the observed change in chemical shift (ν 0 ). Indeed, we find that the diamagnetic susceptibility is the dominant contribution to the overall downfield shift (lower δ) observed for CdS quantum dots (Figure 5a ). Reliable determination of the magnetic susceptibility of such large species requires independent determination of the much larger diamagnetic contribution, typically by using an appropriate diamagnetic model of comparable mass and density where the paramagnetic center has been removed, for example in metal-free supramolecular assemblies or apoproteins. 55 Unfortunately, we do not presently have such a model for CdS quantum dots. We are currently exploring EPR to characterize and quantify trapped unpaired electrons and other paramagnetic impurities on the nanocrystal surface.
Assessing Ligand Orientation and Surface Organization. We observed that the extent of 1 H NMR peak broadening varies significantly along the length of the capping ligands. Specifically, peak broadening (ν 1/2 ) decreases and relaxation times (T 1 ) increase when going from the surface-bound carboxylate (COOH) head groups toward the tail end groups (Figure 3) . 57 In all cases we measured, peak broadening is highest for the methylene protons (C(2)H 2 ) on the second carbon that is adjacent to the surface-binding carboxylic headgroup. Peak broadening then progressively decreases down the chain and is the lowest for the tenth carbon protons, namely the vinyl (C(10)H 2 ), methyl (C (10)H 3 ) , and azideadjacent-methylene protons (C(10)H 2 ) of unsaturated-, saturated-, and azide-terminated ligands, respectively ( Figure  4 ). This is inconsistent with a scenario where ligands collapse onto the nanocrystal surface, because such arrangement would lead to more regular and less variable peak broadening among distinct protons along each ligand chain (Figure 5b) . 58 In contrast, because peak broadening actually decreases as the separation from the surface-bound headgroup increases, we conclude ligands orient themselves normal (perpendicular) to the nanocrystal surface to form a self-assembled monolayer (SAM) (Figure 5c ). Within this single ligand layer, two (or more) different ligands can assemble together to form islands or rafts of identical composition (Figure 6a ), or they can mix together and distribute homogeneously (at random) on the nanocrystal surface (Figure 6b ). This question has been the subject of intense research in plasmonic gold nanocrystals, 59 −63 but it has not been addressed in semiconductor nanocrystals. Distinguishing between these two possible scenarios (rafts vs mixing) is important in controlling quantum dot valence and assembly through surface ligand doping. To answer this question, we used Rotating-frame Overhauser effect spectroscopy (ROESY). A variant of nuclear Overhauser effect spectroscopy (NOESY), ROESY is useful for intermediate-to-high molecular weight species (>1−3 kDa), for which the NOE can be hard to observe. 64−67 ROESY cross peaks have a sign opposite to that of the diagonal (red in Figure 7 ), allowing easier distinction of through-space vs through-bond correlations (black vs red, respectively, Figure 7 ). ROESY spectra of carefully washed samples bearing only surface-bound ligands consistently show strong through-space heterocorrelations between dissimilar ligands for all mixed-ligand samples we studied. For example, the ROESY spectrum of a 50%/50% methyl/vinyl-capped CdS quantum dot sample clearly shows through-space heteroligand coupling between the protons on the methyl end group Figure 7) . Similarly, the ROESY spectrum of a 50%/50% vinyl/azidecapped CdS quantum dot sample also shows through-space heteroligand coupling between the protons on the last methylene (C(10)H 2 ) of the azide ligand and the protons on the vinyl end group (C(10)H 2 , C(9)H) as well as on the allylic position (C(8)H 2 ) of the unsaturated ligand (blue arrows in Figure 7 ). Selective gradient-enhanced unidimensional (1D) ROESY experiments, where one particular proton resonance is pulsed while the others are allowed to relax, fully confirm these results (see the Supporting Information). In all cases we studied, the experimentally observed through-space (NOE) heteroligand correlations are either stronger or at least as strong as the homoligand correlations, which can arise from within individual ligands (Figure 7) . Therefore, we conclude that CdS nanocrystal quantum dots capped by a mixture of two different C10 carboxylates have a significant amount of random, homogeneous ligand distribution on their surface.

Proof of Principle: Does This Type of Surface Doping Strategy Work? To test the feasibility of this surface doping approach in controlling the degree of functionalization (valence) per nanocrystal, we subjected vinyl-and azide-capped quantum dots to cross-metathesis 68, 69 and "click" (Huisgen's [3 + 2]-cycloaddition) 70 −72 conditions, respectively. To facilitate our initial screening, we used small fluorinated molecules as model substrates, and followed the surface modification reactions by UV−vis, PL, NMR, XRD, TEM, and energydispersive X-ray spectroscopy (EDX). The presence of fluorine in the model substrates enables the use of 19 F NMR, and enhances the value of EDX elemental mapping in assessing the outcome of these reactions. In the presence of Grubb's secondgeneration catalyst, vinyl-capped CdS quantum dots react with para-trimethylfluoro-styrene to produce p-CF 3 -styrene-capped quantum dots (Scheme 3). A 20-fold excess of styrene, relative to the number of vinyl equivalents in solution (ca. 50−150 per dot), helps prevent undesirable side reactions, such as previously reported dendronization and cross-linking. 73, 74 UV−vis, PL, XRD, and TEM showed that metathesis proceeds without affecting the particle size or optical properties. After removal of free soluble unreacted styrene and the selfmetathesis byproduct by crashing and centrifugation, both 100% vinyl-capped and 50%/50% vinyl/methyl-capped CdS dots show ca. 50−60% conversion, as evidenced by the internalto-terminal olefin ratio observed by 1 H NMR (Scheme 3). Critically, EDX confirms that the final loading of fluorinated groups per quantum dot is proportional to the original population of surface-active native vinyl ligands in the original nanocrystals (Scheme 3). To the best of our knowledge, this is one of only a couple of examples of valence control on semiconductor nanocrystal quantum dots, 75−77 and the only one that does not use ligand exchange.
Similarly, in the presence of different copper catalysts, azidecapped CdS quantum dots react with meta-fluoro-phenylacetylene to produce m-F-phenyl-azole-capped quantum dots (Scheme 4).
1 H NMR and 19 F NMR show complete conversion of chemically active surface azide groups to azole groups. As in the metathesis case above, the degree of quantum dot surface fluorination is proportional to the population of azide surface ligands in the original nanocrystals. However, in contrast to the metathesis reaction, we found that copper click catalysts behave in a "non-innocent" way, adsorbing onto the CdS surface and red-shifting the dots' UV−vis absorption and PL spectra (Scheme 4). This is not surprising based on several fully documented examples of metal ion diffusion into colloidal nanocrystals. 78, 79 Our initial attempts to suppress this problem by using copper wire 80 as a slowly releasing heterogeneous click catalyst temporarily slowed the observed red shift, but did not completely stop it (Scheme 4). Nevertheless, we found that we can completely avoid this problem by using a much more robust, ligated ruthenium click catalyst, Cp*Ru(COD)Cl, which was recently reported in the literature (Scheme 4). 81 
■ CONCLUSION
In summary, we have explored a fundamentally new surface ligand modification or "doping" strategy aimed at controlling the degree of loading or "valence" in semiconductor nanocrystal quantum dots. Unlike currently used surface modification methods, which rely heavily on thiol ligand exchange, our approach preserves the nanocrystal's native ligands, avoiding etching and retaining optical properties. We have shown that surface doped quantum dots capped with chemically active native ligands can be prepared directly from a mixture of ligands with similar chain lengths. Vinyl and azide-terminated carboxylic acid ligands survive the high temperatures needed for nanocrystal synthesis. The ratio between chemically active and inactive-terminated ligands is maintained in the nanocrystals, and allows to control the extent of surface modification by straightforward organic reactions. Using a combination of optical and structural characterization tools, including IR and 2D NMR, we have shown that carboxylates bind to the nanocrystals in a bidentate chelate fashion, forming a single monolayer of ligands that are perpendicular to the nanocrystal surface. Moreover, we have shown that mixtures of ligands with similar chain lengths homogeneously distribute themselves on the nanocrystal surface. We are currently working toward gaining a deeper understanding of surface paramagnetic impurities by EPR, the dispersion in the degree of surface doping across individual quantum dots by AFM-PL, and the effect of inorganic surface composition and ligand structure on raft formation by NMR and STM. We believe that the surface doping approach presented here will be widely applicable to many nanocrystal compositions (Cu 2 S, CZTS, CIGS, InP, Cu, Au), shapes (dots, rods, wires, tetrapods), and specific applications. In energy and materials science, the ability to fine-tune the number and relative configuration of energy and charge transfer donors and acceptors will provide unprecedented control over quantum dot exciton decay and chemical reaction pathways across the inorganic(crystal)−organic-(ligand)−solvent(medium) interface. In biology, the extent of surface coverage by a particular functional group will have a large impact on a nanocrystal's affinity and permeability to a variety of biological structures, and thus on its ability to localize, penetrate, and be transported across specific tissues, and cellular and subcellular structures.
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